INTRODUCTION
Detection and serotyping of foot and mouth disease virus (FMDV) antigen in field samples can be performed rapidly and with high sensitivity in the laboratory using an enzyme-linked immunosorbent assay (ELISA) (9) . With minor modifications, this ELISA has been used for routine FMD diagnosis in a variety of situations (5, 11) , and may comprise up to seven separate antigen detection assays (for FMDV serotypes O, A, C, Asia 1, SAT 1, SAT 2 and SAT 3) to be performed on a single test sample. The inherently complex nature of the ELISA can lead to results containing random error (e.g. reagent dilution error in a single test) or systematic variation (17) (e.g. gradual loss of assay sensitivity caused by peroxidase lability), and therefore periodic standardisation of reagents and internal quality control to monitor assay performance are desirable.
Procedures for internal quality control of immunoassays have been investigated previously (7, 8, 14, 15, 16) , but application of these procedures in the laboratory has been limited by the intrinsic problems of complex statistical processes and the multiplicity of assay designs. In this paper, the authors propose a simple internal quality control procedure for the ELISA, using the Shewhart-CUSUM (cumulative sum) control chart method, as described by Westgard et al. (13) . A single reference variable was selected to reflect the performance of each antigen detection system in the ELISA, together with control limits which enable monitoring for both systematic and random assay variation. ELISA results from a regional veterinary laboratory in northern Thailand were retrospectively applied to the Shewhart-CUSUM control chart to demonstrate the usefulness of this approach for assay control. Table I provides an explanation of the symbols and abbreviations used in this method. 
MATERIALS AND METHODS

ELISA procedure
The indirect sandwich typing ELISA (9) was performed with the following modifications: antigen detection systems were used only for types O, A and Asia 1; and tetramethylbenzidine was used as the substrate (4). Briefly, the modified ELISA involved testing up to five samples in a 'four by four' block pattern, together with control antigens for each antigen detection system (Fig. 1) . In the control antigen block, the three twofold dilutions of each serotype were placed in the first three wells of the appropriate row. Sample dilutions were similarly added to each serotype detection system in the test blocks. The last well in each row of each block served as the background control well for the serotype. The mean optical density (OD) of the background control wells for each serotype detection system was calculated for the plate and subtracted from all OD readings of the corresponding detection system to give the corrected OD used for analysis of results from the test (3) and control samples. This paper is concerned only with the use of the results from control antigen wells (not from test antigen wells) in an assessment of assay performance. The performance of each antigen detection system was assessed as the mean OD for the detection of homologous control antigen at three dilutions. The corrected OD values (ODp, ODq and OD r ) for the three dilutions (p, q and r) of each control antigen were used to calculate the quality control variable (Y¡) for the ith test, as follows:
<yr. p For this value to provide the most reliable reflection of assay performance, the dilution levels were determined by pre-titration to fall within the linear region of the dose/response curve (Fig. 2) . The three dilution levels were then fixed for all subsequent ELISA testing of the control antigens. Linear regression analysis was performed following each ELISA to assess the relationship between antigen input at the three control antigen dilution levels and the corresponding OD values. A coefficient of determination of less than 0.95 was regarded as indicating unacceptable deviation from the expected linearity.
Use of Yi in Shewhart-CUSUM control charts
The reference variables (y¡) for each serotype (O, A or Asia 1) were used to monitor assay performance based on a method described previously (13) . In this method, two quality control charts were used: the Shewhart control chart, which held the plot of the 7¡ value, and the CUSUM chart showing a trend analysis of the y¡ value. These charts were combined to form a single graph with a dual y axis (Fig. 3 ). See Table I for an explanation of symbols Tests 1 to 3 fell within the k limits. Test 4 exceeded the upper k limit and CUSUM was initiated (i.e. d 1 = y 4 -Kupper). The CUSUM calculation continued for tests 5 to 7 (i.e. Ed7) until test 7, when the CUSUM value crossed the zero line and CUSUM calculation ceased. Tests 8 and 9 fell within the k limits. Test 10 exceeded the lower k limit and CUSUM was initiated. d l was calculated for test 10 and the CUSUM value was calculated (i.e. d 1 = Y1o -klower). The CUSUM calculation continued for tests 11 to 13, when the CUSUM value exceeded the lower h limit, indicating an unacceptable data trend This chart was used to establish the following data:
-the proximity of the y i value to a target mean (t) -whether this represented an acceptable result -whether any undesirable trend was indicated.
The target mean (t) was based on the mean y¡ values from at least fifteen tests (13) . Analysis was facilitated by the establishment of upper and lower limits on either side of the target mean (t), as follows: -a warning limit (k) at which the CUSUM trend analysis was initiated -a defective test limit (h) which, if exceeded by either the CUSUM plot or the y i value plot, provided an indication of unacceptable assay performance.
RESULTS
Selection and suitability of Y¡ as a reference variable
The results of 42 ELISA tests on FMDV samples, performed over a seven-month period at the Northern Veterinary Research and Diagnostic Centre (NVRDC), Hang Chat, Lampang, Thailand, were used for the formulation of quality control procedures. Tests were performed by three different operators over the seven-month period. The Shewhart-CUSUM control chart functioned in two modes. When the y i value was within the warning limits (k), the y¡ value alone was plotted on the chart (using the OD axis on the left). If a large test error caused yi value to fall beyond the defective test limits (h), the test performance was considered defective. Alternatively, if the y¡ value was outside one of the k limits, but within the h limits, the CUSUM trend analysis would commence. The CUSUM value {Edi) was calculated as the cumulative sum of the differences between the CUSUM-initiating y¡ value (and subsequent y¡ values) and the level of the exceeded warning limit (k) (13). For example (Fig. 3) 
The CUSUM value (Sd¡) was plotted on the Shewhart-CUSUM chart (using the CUSUM axis on the right). A line representing the zero CUSUM level was fixed at the target mean level (t), and the scale of the CUSUM axis ranged from -2.7s to + 2.7s on either side of this line. The CUSUM trend analysis continued until the plot was observed to cross either the defective test limit (h) or the zero CUSUM line. If the h limit was crossed by the CUSUM plot, the test performance would be considered to be defective. However, if the zero CUSUM line was crossed by the CUSUM plot, the chart would revert to a single mode (Shewhart plot) in which only the Y¡ value was plotted.
Summary statistics
Summary statistics of y i populations were calculated using the statistical software package MINITAB version 7. Normal distribution of y¡ populations was assessed using acceptance criteria applied to the Wilk-Shapiro/Rankit plot test for normality (10) . Randomness of the populations was tested using the Runs test, at a significance of P = 0.050.
The y¡ value was dependent on a data reduction of the linear function used to describe the relationship between ODp, OD q and OD r and the corresponding antigen dilutions. Independent variation in the slope parameter (a) could potentially be a component of variability not represented in the y¡ value. Linear regression analysis was performed on the slope (a) and intercept (b) parameters generated from all testing of control antigen dilutions. A positive correlation (r = 0.867) was observed between the a and b parameters, suggesting that control antigen data may be summarised by selecting a single variable (yi) for use in quality control analysis.
Application of y¡ data to Shewhart-CUSUM control charts
The target means (t) and associated standard deviation values (s) were determined retrospectively using 15 y¡ values (separately for O, A and Asia 1) randomly selected from the results of 42 tests. Summary statistics and CUSUM target values calculated from the fifteen randomly selected y¡ values for each serotype are presented in Table II . The values for Y1-42O, Yi-42A, and Yi-42Asia 1 exhibited random distributions. Shewhart-CUSUM control charts were plotted retrospectively using these y¡ values (Figures 4a, 4b and 4c) . The satisfactory performance of the antigen capture systems for types O and Asia 1 was indicated by the fact that all Yi-420 and y 1 _ 42 Asia 1 values fell within the h limits, and by the absence of persistent undesirable trends (i.e. progressing beyond the h limits) in the CUSUM plot. The y¡ value for the type A control antigen in test no. 18 (i.e. Y18A) gave a value beyond the lower h limit (i.e. t < -2.7s), indicating unacceptable random variation. Similarly y 29 A gave a t value greater than + 2.1s, also indicating unacceptable random variation. These single values indicated large, random variation which was attributed to reagent dilution error, and the tests were repeated. While CUSUM plots were initiated for the three antigen typing systems, in no case did trends persist to the point of test rejection (i.e. beyond the h limit). Also noted was the tendency for CUSUM plots to be initiated simultaneously for more than one antigen detection system. Table I for an explanation of symbols ** Wilk-Shapiro values approaching 1.000 indicate population normality *** Runs test is significant at P < 0.050, therefore P values greater than 0.050 indicate population randomness See Table I for an explanation of symbols
DISCUSSION
One of the principal difficulties for the application of quality control procedures to a routine ELISA is the definition of a single reference variable which adequately describes significant changes in test performance while not being excessively sensitive to inherent ELISA variability. The y¡ value effectively summarised information from the control antigen titration curve while reflecting changes in the two variables (a and b) which may influence this curve.
Major advantages of Shewhart-CUSUM control charts are the ease of application, and interpretation by the use of absolute CUSUM limits. Reports of previous applications of CUSUM methods to immunoassays have described the use of the 'V-mask' method of quantitative interpretation (2, 7, 15, 16) . Westgard et al. (13) suggested that the use of absolute CUSUM limits provided a valid alternative to V-mask, with a simplified decision process. When applied to a diagnostic laboratory, CUSUM limits must be set by first establishing a target mean (t) and standard deviation (s) using y¡ data from at least fifteen tests. CUSUM control rules are then See Table I for an explanation of symbols chosen to achieve the most rapid detection of an undesirable trend in the YI variable (i.e. probability of error detection: p ed ) while minimising the likelihood of a randomly distributed set of results being incorrectly identified as an undesirable trend (i.e. a low probability of false rejection: p fr ). A probability of false rejection in the range of 0.01 to 0.05 is considered to be acceptable for a clinical laboratory (12) . The CUSUM rule with the k limits set at ± 1.0s and h limits at ± 2.7s allows for a p fr of approximately 0.002, while maintaining a relatively high probability for detection of systematic drift, as well as monitoring the level of random error (13) . Incorporation of the Shewhart control limits at k = ± 1 2.7s provides a combination with improved p ed for both systematic and random errors (13). Westgard et al. (13) also suggested that familiarity with the performance characteristics of an assay would enable the establishment of more stringent k and h limits.
In the development of this quality control method, YI data for each serotype could not be assessed independently of two factors: the coefficient of determination (r 2 ) for the relationship between OD p , OD q , OD r and control antigen dilution; and statistical evaluation of normal and random distribution. Values of r See Table I for an explanation of symbols indicated that y¡ was not representing the linear portion of the dose/response curve, and so the assumptions supporting the use of this value in Shewhart-CUSUM control charts would not have been valid. Furthermore, the assumptions made in the use of control charts are that the variation of y¡ is independent between runs, and normally distributed. Deviations from these assumptions can produce misleading results (1). The yi populations for all serotypes were in accordance with the required statistical assumptions.
An objective quality control procedure can serve several purposes when applied to indirect sandwich ELISA for typing FMDV in diagnostic laboratories. Such a procedure provides a historical record of test performance (useful to both operators and field investigators), assures consistency of performance between laboratory sites, and indicates whether errors are random or systematic. When quality control criteria are met, negative results or apparent decreased sensitivity of the test on good quality samples could alert laboratory personnel to significant endemic strain variation, or the incursion of a new serotype or sub-type. The quality control method described above is simple, and readily applicable to a regional diagnostic laboratory without a requirement for elaborate equipment. Production of standardised control antigen reagents is simple and inexpensive, and these reagents are extremely stable when stored at -20°C (6) . The combination of standardised reagents in kit form and an appropriate quality control method could improve the performance and uniformity of laboratory diagnosis of FMD. 
* * * APPLICATION DES GRAPHIQUES DE CONTRÔLE COMBINÉS « SHEWHART-CUSUM » EN VUE DU CONTRÔLE INTERNE DE QUALITÉ D'UNE ÉPREUVE IMMUNO-ENZYMATIQUE POUR LE TYPAGE DE L'ANTIGÈNE DU VIRUS DE
